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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 



Symbol 

Metric 

English 


Unit 

Abbrevia- 

tion 

Unit 

Abbreviation 

Length _ 

l 

meter 

m 

foot (or mile) 

ft (or mi) 

Time.. . 

t 

second _ 

s 

second (or hour) 

sec (or hr) 

Force 

F 

weight of 1 kilogram. 

kg 

weight of 1 pound _ _ _ 

lb 

Power. 

P 

horsepower (metric). _ _ 


horsepower _ 

hp 


T 7 

(kilometers per hour 

kph 

miles per hour 

1 r 

mph 

Speed 

V 

\meters per second 

mps 

feet per second 

fps 


A 


2. GENERAL SYMBOLS 


Weight =mg 
Standard acceleration of gravity =9.80665 m/s 2 
or 32.1740 ft/sec 2 
W 

Mass=— 

<7 

Moment of inertia =mk 2 . (Indicate axis of 
radius of gyration k by proper subscript.) 
Coefficient of viscosity 


v Kinematic viscosity 

p Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m“ 4 -s 2 at 15° C 
and 760 mm; or 0.002378 lb-ft “ 4 sec 2 
Specific weight of “standard” air, 1.2255 kg/m 3 or 
0.07651 lb/cu ft 


3. AERODYNAMIC SYMBOLS 


Area 

Area of wing 
Gap 
Span 
Chord 


b 2 


Aspect ratio, ^ 

True air speed 
Dynamic pressure, ]^pV 2 

Lift, absolute coefficient C L = 


Drag, absolute coefficient C D = 


qS 

D 


qS 


D 0 


Profile drag, absolute coefficient D Do =-^g 
Induced drag, absolute coefficient C D =~^ 
Parasite drag, absolute coefficient C Dp = 

C 

Cross-wind force, absolute coefficient C c = ^ 


i w Angle of setting of wings (relative to thrust line) 
i t Angle of stabilizer setting (relative to thrust 
line) 

Q Resultant moment 

ft Resultant angular velocity 

R Reynolds number, p where l is a linear dimen- 
sion (e.g., for an airfoil of 1.0 ft chord, 100 
mph, standard pressure at 15° C, the corre- 
sponding Reynolds number is 935,400; or for 
an airfoil of 1.0 m chord, 100 mps, the corre- 
sponding Reynolds number is 6,865,000) 
a Angle of attack 

€ Angle of downwash 

a 0 Angle of attack, infinite aspect ratio 

a t Angle of attack, induced 

a a Angle of attack, absolute (measured from zero- 

lift position) 

7 Flight-path angle 
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CONSTANT-PRESSURE COMBUSTION CHARTS INCLUDING EFFECTS OF DILUENT ADDITION 

By L. Richard Turner and Donald Bogart 


SUMMARY 

Charts are presented for the calculation of (a) the final tem- 
peratures and the temperature changes involved in constant- 
pressure combustion processes of air and in products of combus- 
tion of air and hydrocarbon fuels , and ( b ) the quantity of 
hydrocarbon fuel required in order to attain a specified com- 
bustion temperature when water , alcohol , water-alcohol mixtures , 
liquid ammonia , liquid carbon dioxide , liquid nitrogen , liquid 
oxygen, or their mixtures are added to air as diluents or refriger- 
ants. The ideal combustion process and combustion with 
incomplete heat release from the primary fuel and from com- 
bustible diluents are considered. The effect of preheating the 
mixture of air and diluents and the effect of an initial water- 
vapor content in the combustion air on the required fuel quantity 
are also included. The charts are applicable only to processes 
in which the final mixture is leaner than stoichiometric and at 
temperatures where dissociation is unimportant. A chart is 
also included to permit the calculation of the stoichiometric 
ratio of hydrocarbon fuel to air with diluent addition. The 
use of the charts is illustrated by numerical examples. 

INTRODUCTION 

Accurate computation of the combustion temperatures or 
of the quantity of hydrocarbon fuel required to attain speci- 
fied combustion temperatures is complicated by the variation 
in composition and thermal properties of the fluid. Further 
difficulty is introduced by the addition of various diluents or 
refrigerants to the combustible mixture. 

A need for such calculation arises in connection with proc- 
esses of combustion of hydrocarbon fuels with air, reheating 
of products of combustion by the introduction and the burn- 
ing of additional fuel, and in performance analyses of aircraft 
gas-turbine engines when diluents or refrigerants are used to 
augment the thrust or the power of the engine. 

This report represents a synthesis of references 1 and 2, 
which were written in 1946 and 1948, respectively, at the 
NACA Cleveland laboratory, and presents charts for the 
computation of constant-pressure combustion temperatures 
or for the calculation of the quantity of a hydrocarbon fuel 
required to attain a specified combustion temperature when 
water, alcohol, water-alcohol mixtures, liquid ammonia, 
liquid carbon dioxide, liquid nitrogen, liquid oxygen, or 


combinations of these liquids are used as diluents or refriger- 
ants. The ideal combustion process and combustion with 
incomplete heat release from the primary fuel and from com- 
bustible diluents are considered. The use of the charts is 
illustrated by numerical examples. 

The effect of preheating the mixture of air and diluents and 
the effect of an initial water- vapor content in the combustion 
air on the required fuel quantity are also considered. The 
charts are applicable only to processes in which the final 
mixture is leaner than stoichiometric and at temperatures 
where dissociation is unimportant. 

A chart for determining the stoichiometric fuel-air ratio 
with diluent addition is also presented. 

PRINCIPLES OF CHARTS 

The charts presented herein apply to processes in which the 
final mixture is leaner than stoichiometric and are exact 
below those temperatures at which dissociation becomes 
important. (For most calculations, dissociation may be 
neglected at all temperatures below about 3200° R.) The 
charts are readily used above 3200° R, without consider- 
ing dissociation, for making approximate calculations for 
higher final temperatures. 

The specific-heat data for the gases were taken from 
references 3 to 10. The thermodynamic properties of the 
various liquid diluents were taken from references 11 to 13. 

The use of complicated subscripts has been partly avoided 

by the use of the notation to mean “the value of x at z 
minus the value of x at y.” 

The symbols are defined when first used. For the con- 
venience of the reader, symbols used more than once are 
listed in appendix A. 

Ideal combustion. — The low^er enthalpy of combustion at 
constant pressure of a liquid fuel h c f or of a liquid diluent 
h C ' d is defined as the amount of heat -h c removed during the 
combustion at constant pressure of the fuel or diluent in 
oxygen when the initial and final temperatures are equal and 
the products of combustion are all in the gaseous phase. 
Because of this convention, enthalpies of combustion will 
appear in this report as negative quantities. 

The first law of thermodynamics applied to an ideal 
constant-pressure combustion of a mixture of air, liydro- 

1 


2 
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carbon fuel, and diluent for leaner-tlian-stoichiometric The term /(F C o 2 ^co 2 +^n 2 o^H 2 o+^o 2 ^o 2 ) is equivalent to 

mixtures leads to the following equation: the term used in reference 3 


h a J 7 ,"~ fhc./+ (1+d') “ K.d^— 0+/+^)A 6 J^ 

(1) 


where 


rAm+B 
; m + 1 


where 

d total diluent-air ratio, (lb/lb air) 

d' weight of diluent injected into air stream prior to 
compression of mixture, (lb/lb air) 

/ total fuel-air ratio, (lb/lb air) 
h a enthalpy of dry air, (Btu/lb air) 
h b enthalpy of final burned mixture, (Btu/lb mixture) 
h e d lower enthalpy of combustion of liquid diluent at 
540° R, (Btu/lb diluent) 

h c j lower enthalpy of combustion of liquid fuel at 
540° R, (Btu/lb fuel) 

h d enthalpy of liquid diluent, (Btu/lb diluent) 

J mechanical equivalent of heat, 778 (ft-lb/Btu) 

T a initial total air temperature, (°R) 

T b total combustion temperature, (°R) 

T d temperature of diluent as liquid immediately before 
injection, (°R) 

T r reference temperature, 540° R 

W c work of compression on mixture entering compressor, 
(ft-lb/lb mixture) 

The effects of preheating the fuel have been neglected in 
equation (1) for simplicity of notation. The correction to 
— h cj for the liquid fuel introduced to the system at a 
temperature other than the reference temperature of 540° R 
is small (approximately 0.5 Btu/(lb)(°R) for fuel in liquid 
phase). Under ordinary circumstances, partly vaporized 
fuel would not be used; hence, no portion of the fuel is 
considered to be vaporized. 

A term for energy addition to the mixture or preheating 
of the mixture by any means (1 +d')WJJ is included in 
equation (1); the preheating is usually, although not neces- 
sarily, accomplished by work of compression on the mixture 
and is referred to in this manner. 

For leaner-than-stoichiometric mixtures, the term 
(1 +f+d)h b is given by 

(1 +/ + d) h b = h a +/ (F C 0 2 Hc0 2 + t H 2 oH h 2 o + F o 2 Ho 2 ) + 

d (P C oJIco 2 + Dn 2 oHn 2 o + F>of^o 2 + ^ n 2 ^ n 2 ) (2) 


where 

D v increase per pound of diluent in number of moles of y 
in ultimate burned gas mixture due to addition and 
combustion of diluent, (lb mole/lb diluent) 

F v increase per pound of fuel in number of moles of y in 
ultimate burned gas mixture due to addition and 
combustion of fuel, (lb mole/lb fuel) 

H v molal enthalpy of y , (Btu/lb mole) 
y variety of gas, specifically C0 2 , H 2 0, 0 2 , and N 2 


Hu 


A= 




2.016 


B 


Hco-Ho 2 

12.010 


m hydrogen-carbon ratio of fuel 

The term accounts for the difference between the 

enthalpy of carbon dioxide and water vapor in the burned 
mixture and the enthalpy of oxygen removed from the air 
by their formation. 

The term d ( IJ c o H c o,+^n,o^n,ov I) 0 II o 2 + D s .II s ,) rep- 
resents the increase in enthalpy of the molecular products 
resulting from the addition and the combustion of the 
diluent. The values of F 0 Ho„ and of D 0 H 0o generally are 

2 2 L h 

negative. 

If equation (2) is substituted in equation (1), 



(l+d^Wc 





Am+Bin 

m+1 _Fr 


d (DcoJIco, + Z?„ 20 Hh 2 o + Do 2 Ho 2 + I?n 2 ^n 2 ) Jj T 


(3) 


Upon collection of terms, equation (3) becomes 


/= 


\ Am+ irWb 
e,r m+1 Jr, 


where 

$= — (1+d') —j C d h c ,a 

(p CQ2 H C o 2 + Db 2 oI1 B2 o + D 0 . 2 Ho 2 + Z?n 2 -Hn 2 ) | 


(4) 


(5) 


The term $ considers all the effects of diluent addition and 
compressor work on the magnitude of the fuel-air ratio 
ideally required to attain the specified combustion tempera- 
ture; $ is a function of the kind and amount of diluent used, 
the initial temperature and state of the diluent, the com- 
pressor work, and the combustion temperature. 

The denominator of equation (4) contains all the factors 
that depend on the nature of the fuel. The effect of varia- 
tion of fuel characteristics can be computed by correction 
factors that depend only on this denominator. For con- 
venience of chart representation, a standard hydrocarbon 
fuel having a hydrogen-carbon ratio of 0.175 and a lower 
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enthalpy of combustion of —18,700 Btu per pound was used. 
Correction factors K m and K h permit the calculation of the 
required fuel-air ratio for other hydrocarbon fuels. The 
value of the product K m K h is given by 


K m K h 


18,700- 

her 


0A75A+Bl Tt > 
1.175 J Tr 
_Am+B “| T6 

m+1 J Tr 


( 6 ) 


The two correction factors have been so adjusted that the 
correction is exact for the average variation of the lower 
heating value with the hydrogen-carbon ratio of the gasolines, 
kerosenes, and light fuel oils currently available. The as- 
sumed average relation is 


h c = - (15,935 + 15,800m) (7) 


The corrections arc also exact for a hydrogen-carbon ratio 
of 0.175 for any lower heating value. Small errors exist for 
other combinations of heating value and hydrogen-carbon 
ratio. For example, the fuel quantity calculated for a com- 
bustion temperature of 3000° R for a fuel with a hydrogen- 
carbon ratio of 0.084 will be in error about 1 percent for 
every 1500 Btu per pound that the lower heating value of 
the fuel varies from the value given by equation (7). 

A correction factor K w , which permits the calculation of 
the fuel-air ratio required to attain a given combustion 
temperature when the air at the initial temperature contains 
water vapor, is defined by the relation 



( 8 ) 


where h m ,a is the enthalpy of moist air in Btu per pound of 
moist air. The value of K w is found to be practically in- 
dependent of the initial temperature T a and therefore can be 
represented as a function only of water-vapor-to-air ratio 
and of T b . The working values of K w have been based on 
a value of T a of 900° R. 

In terms of equations (4), (6), and (8), the total fuel-air 
ratio ideally required to attain a desired temperature by 
combustion of a mixture of air, hydrocarbon fuel, and 
diluents is given by 


/= 




18,700 


0.17 5+ + R~j ^ b 
1.175 Jr r 


(9) 


and the increment in fuel-air ratio A/ due to diluent addition 
is equal to K m K h f' for any hydrocarbon fuel, where the 
increase in fuel-air ratio/" for the standard fuel is 


/" = 

18,700 


$ 

0.l75A+B~l T b 
1.175 J T r 


( 12 ) 


Specific expressions for increase in chart fuel-air ratio j" 
due to addition of various diluents are presented in appen- 
dix B. 

When the factor K w is used in the form defined by equa- 
tion (8), all fuel-air ratios and diluent-air ratios must be ex- 
pressed in units of pounds per pound of moist air. Only water 
occurring as vapor at the initial temperature and pressure 
of the air is considered in computing K w , fuel-air ratio, and 
diluent-air ratio. If the air initially contains liquid water, 
the unevaporated portion of the water must be separately 
treated in the same manner as a diluent or refrigerant. 

A liquid-to-dry-air ratio may be computed by multiplying 
a liquid-to-moist-air ratio by the ratio of mass of moist air 

f , grains water vapor/lb dry air\ 

to mass ol dry air ^ 1 + - 7000 ) * 


Combustion with incomplete heat release. — In actual 
combustion processes of gas-turbine engines, the heat of 
combustion of fuel and of combustible diluents is never fully 
released. In turbine engines when combustible diluents are 
injected at the compressor inlet, the diluent is distributed 
throughout the combustion air; as a result of this mixing 
and because only a small part of the total air passes through 
the flame zone, much of the diluent vapor never reaches a 
sufficiently high temperature to promote efficient combustion. 

In order to discuss incomplete heat release quantitatively, 
a basis must be established for an estimate of the enthalpy of 
the products of incomplete combustion. The difference be- 
tween the enthalpy of several possible residual molecules 
plus the oxygen required to burn them and the enthalpy of 
the corresponding masses of molecules of products C0 2 , H 2 0, 
and N 2 is later shown to be small as compared with the en- 
thalpy of combustion of the assumed residual molecules. 
The enthalpy of the products of incomplete combustion has 
accordingly been assumed to be equal to that of the com- 
pletely burned mixture at the actual temperature of the 
incompletely burned mixture. 

A heat-release ratio rj f is defined as the fraction of the 
lower heat of combustion of the liquid fuel effective in in- 
creasing the enthalpy across the combustor 


=K m K h KJ'+Aj 


( 10 ) 


where the fuel-air ratio /' for the standard fuel without 
diluent addition is given by 


18,700 



0.175A+R“in 
1.175 Jtv 


( 11 ) 


actual enthalpy rise across the combustor 
heating value of liquid fuel supplied 


The lieat-release ratio for the hydrocarbon fuel is then 
given by the heat-balance equation 



hcjVf 


^T‘W.T 

m+1 J T r J _|r 0 


+$ 


(13) 
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where j a is the actual total fuel-air ratio for the incompletely 
burned mixture and T b is the actual combustion temperature. 

The heat-balance equation for the ideal combustion 
process is 



m+l J tJ jT a 


+ $> 


(14) 


where /< is the ideal fuel-air ratio. 

The ratio of fuel actually required to fuel ideally required 
r t from equations (13) and (14) is then 

. Am+ zrrn 

la eJ m+l jT r , , 

, Am+B - in (!5) 

-vA.r \ Tr 


The ratio r f depends only on rj f , the composition of the 
fuel, and the combustion temperature; the ratio is independ- 
ent of h a and 4>. 

The value of r f is found to be practically independent of 
h c j and m when rj f is greater than 0.7; for the lower values 
of rj f (to about 0.5), the quantity r f varies a maximum of 
1 percent for the range of liquid hydrocarbon fuels. The 
working values of r f have therefore been based on the 
standard fuel. 

Liquid combustible diluents whether burned or not will 
usually be completely vaporized. A heat-release ratio for 
combustible diluents y d is then defined as the fraction of the 
lower heat of combustion of the vaporized diluent —h cd 
actually released 

actual heat released b y vaporized d iluent 
v,d ~ heating value of vaporized diluent supplied 


Any defect in heat release must be compensated for by an 
increase in primary fuel rate. For any hydrocarbon fuel, 
the increment in fuel-air ratio A/ due to incomplete heat 
release is given by K m K h f\ where the increase in fuel-air 
ratio for the standard fuel/", is 


/" = 
/ V 


d(l—r) d ) ( — h c /) 


18,700- 


0475 A±Bry b 
1.175 J T r 


(16) 


Specific equations for/", for water-alcohol mixtures and 
ammonia are given in appendix C. 

The total fuel-air ratio actually required to attain a 
desired temperature by combustion of a mixture of air, 
hydrocarbon fuel, and diluents with incomplete heat release 
considered is given by 

f=r,(K m K h KJ' + Af) (17) 

COMBUSTION CHARTS 

Two combustion charts, which are based on equation (4) 
with <t> equal to zero, are presented as figures 1 and 2. These 


two charts permit the determination for dry air of the ideal 
fuel-air ratio/' as a function of the initial temperature and 
the combustion temperature, respectively, for a single hydro- 
carbon fuel having a lower enthalpy of combustion of 
— 18,700 Btu per pound and a hydrogen-carbon ratio of 
0.175. The ideal fuel-air ratio /' for this standard fuel is 
called the chart fuel-air ratio. 

The fuel correction factors K m and K h and the water- 
vapor correction factor K w are included as inserts on figures 1 
and 2. These correction factors permit the calculation of 
the ideal fuel-air ratio for hydrocarbon fuels other than the 
standard fuel and for combustion air that initially contains 
water vapor. 

In the determination of the combustion temperature for 
any given fuel, fuel-air ratio, and initial air temperature, 
figure 1 is also readily employed, as illustrated later by an 
example. 

Combustion-gas mixtures that have undergone work 
abstraction or heat-exchange processes in one portion of a 
gas-turbine engine are frequently required to undergo further 
combustion and subsequent thermodynamic processes. The 
problem of reheating a combustion gas by the burning of 
additional fuel, provided that the over-all fuel-air ratio is 
leaner than stoichiometric, is readily solved by the use of 
figures 1 and 2. The procedure in making such a calculation 
is illustrated later by an example. 

The relation between the heat-release ratio rj f and the 
ratio of actual fuel-air ratio to ideal fuel-air ratio r f is shown 
in figure 3. This relation may be used in conjunction with 
figures 1 and 2 to compute the required fuel-air ratio for an 
assigned combustion temperature and heat-release ratio or 
to determine the heat-release ratio from known values of 
combustion temperature, actual fuel-air ratio, and ideal 
fuel-air ratio. 

Combustion charts for determining the increase in chart 
fuel-air ratio due to diluent addition /" have been prepared 
from equation (12) for the following diluents: 

(1) water, ethyl alcohol, methyl alcohol, isopropyl 

alcohol, and water-alcohol mixtures 

(2) liquid ammonia 

(3) liquid carbon dioxide 

(4) liquid nitrogen 

(5) liquid oxygen 

The increase in fuel-air ratio due to incomplete heat 
release of the combustible diluents is determined by sepa- 
rate charts for water-alcohol mixtures and for ammonia. 

Equations from which the increment in fuel-air ratio A/ 
due to diluent addition or to incompleteness of diluent 
combustion is computed are included on each chart. 

ALCOHOLS AND WATER AS DILUENTS 

The alcohols and water form a convenient group because 
of formal chemical similarity and because they are generally 
used as mixtures of alcohols or of water with one or more 
alcohols. The three alcohols commercially available in 
large quantities are methyl alcohol, ethyl alcohol, and 
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(A 13- by 18-in. print of this chart is available upon request from NACA.) 
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Figure 2.— Fuel-air ratio /for ideal constant-pressure combustion as function of combustion temperature. f-KmKhKwf'. 
(A 13- by 18-in. print of this chart is available upon request from NACA.) 
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Figure 3.— Ratio of actual to ideal fuel-air ratio for incomplete combustion of hydrocarbon fuel as function of heat-release ratio rjf. 


isopropyl alcohol. They may 
the following formal scheme: 

Isopropyl alcohol 
Ethyl alcohol 
Methyl alcohol 
Water 


be grouped with water by 

(CH 2 ) 3 H 2 0 

(CH 2 ) 2 H 2 0 

ch 2 h 2 o 

h 2 o 


where 

Mh 2 o molecular weight of water 
M C h 2 molecular weight of CH 2 radical 

When the sum of the weights of constituents of the mixture 
is taken as unity by definition, the reciprocal formula weight 
of the mixture is given by 


Tlie various alcohols, water, and water-alcohol mixtures 
only differ in the amount of CH 2 radical; thus a mixture of 
water and alcohols can be presented by the average chemical 
formula (CH 2 ) x H 2 0. The value of the formula weight 
M m of the water-alcohol mixture may be expressed either as a 
function of the mixture characteristic x or in terms of the 
fractions by weight of the mixture constituents. In terms 
of x 

M m = Mh 2 Q + xMqyi 2 (18) 


Mm .U+W, 

where 






(19) 


M molecular weight of each constituent 
W fraction by weight of each constituent 

and subscripts 0, 1, 2, and 3 refer to water, methyl alcohol, 
ethyl alcohol, and isopropyl alcohol, respectively. 
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The quantity 1/M m serves as a parameter of a given mixture and may be com- 
puted from equation (19) or determined with the aid of figure 4, which is a graphical 
representation of equation (19). The determination of 1/M m for a mixture con- 
taining equal parts of water and of each of the three alcohols (0.25 lb/lb diluent 
mixture) is illustrated in figure 4 (1/Af m =0.0313). 



Ideal combustion. — The increment 
in fuel-air ratio A/ required to attain 
a specified combustion temperature 
T b with water-alcohol addition to the 
fuel-air mixture may be calculated by 
the use of figure 5. The water-alcohol 
mixture is assumed to be completely 
burned. The equations on which 
figure 5 are based are discussed in 
appendix B. The increase in chart fuel- 
air ratio/" required by water-alcohol 
addition is proportional to the diluent- 
air ratio d expressed in pounds per 
pound of air and is principally a func- 
tion of the mixture parameter 1 /M m , 
the initial temperature and state of 
the water-alcohol mixture, and the 
combustion temperature. The diluent- 
air ratio d is expressed as pounds 
of diluent per pound of air, which may 
be initially either dry or moist. The 
principal chart is exactly correct for 
mixtures of water and methyl alcohol 
at an initial liquid temperature of 
540° R; small additive corrections to 
/" must be applied for water-alcohol 
mixtures containing ethyl or isopropyl 
alcohols. (See appendix B.) When 
the mixture contains ethyl alcohol or 
isopropyl alcohol, the required correc- 
tions are 5 2 /" and 5 3 /", respectively, 
and may be found by means of the 
right insert on figure 5. If both ethyl 
and isopropyl alcohols are present, 
corrections for each alcohol are added 
successively. 

If the diluent mixture is initially 
injected as a liquid at a temperature 
other than 540° R, an additional cor- 
rection b h j" is required. This correc- 
tion depends on the difference between 
the enthalpy of the diluent at injection 
temperature and the enthalpy of the 
diluent in the liquid phase at 540° R. 
A sufficiently accurate value of this 
enthalpy for liquid diluents is obtained 
by the assumption that the specific 
heat of the three alcohols is 0.60 and 
the specific heat of water is 1.00 Btu 
per pound per °R. Hence 


Figure 4— Watcr-alcohol-mixture parameter as function of mixture composition by weight. 
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(0.40 W 0 + 0.60) (7^ — 540) (20) 

where W 0 is the fraction by weight of the water in the 
mixture of diluents. 

The correction 8jJ" may be obtained from a known value of 
/^J^with the aid of the left insert on figure 5. 


The increase in chart fuel-air ratio required for water- 
alcohol-mixture addition for the standard hydrocarbon fuel is 

a' / w''+v''+5*n 

and the increment in fuel-air ratio A/ for other hydrocarbon 



H. <9 ^ 
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fuels is 

K m K h (f"+8 2 f"+8 z f"+8 h f") 

An example illustrating the use of figure 5 is given in a 
subsequent section. 

The use of figure 5 for values of l/M m corresponding to 


mixtures that are composed mostly of water is subject to 
some inaccuracy because of the small angles with which the 
slant lines used in the determination of j" intersect the 
multiplier scale. An enlargement of part of figure 5 in the 
range of 1 /M m from 0.0480 to 0.0555 (water-alcohol mixtures 
containing 75 percent or more of water) is presented in 
figure 6 to improve the accuracy in this region. Problems 


Ho 

Qjn4.Dj^duu34 uo/ {snqujoj 



Ho ? X 

dun+pjadu/dj. uoi^snq ujoq 
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of the addition of water-alcohol mixtures containing mostly 
water, and which ideally require little or no additional fuel 
to maintain a given combustion temperature, are more 
readily handled by figure 6, which is used in precisely the 
same manner as figure 5. 


Combustion with incomplete heat release. — The increment 
in fuel-air ratio A j due to incomplete combustion of the 
water-alcohol mixture may be determined from figures 7 
and 8 and is given by K m K h j" v . Figure 7 applies to any 
water-alcohol mixture and is used in conjunction with 


Ho tq X 
Qjn4.oJoduj^4. 



864608 — 50 3 
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ligure 5; figure 8 applies to water-alcohol mixtures containing 
75-percent water or more and is used in conjunction with 
figure 6. 

The increase in chart fuel-air ratio/", over the fuel-air 
ratio ideally required for water-alcohol-mixture addition is a 
function of mixture parameter 1 /M m , diluent-air ratio d , 
heat-release ratio rj d , and combustion temperature T b 
(appendix C). The small corrections for mixtures of water 
and alcohol containing fractions of ethyl or isopropyl 
alcohols and the effect of combustion temperature are 
incorporated at the top of the chart. The use of figure 7 is 
later illustrated by an example. 

liquid ammonia as diluent 

Ideal combustion. — When dry liquid ammonia is used as a 
diluent, the increase in chart fuel-air ratio/" is proportional 
to the weight of added ammonia in pounds per pound of 


air d ; the fuel-air ratio is a function of the combustion 
temperature T b and is substantially independent of initial 
temperature T d (appendix B). The increment in fuel-air 
ratio A/, which is negative for ammonia, may be computed 
by figure 9 and is given by K m K h f'. 

Combustion with incomplete heat release. — The increment 
in fuel-air ratio A / due to incomplete combustion of ammonia 
vapor may be calculated by the use of figure 10 and is given 
by K m K b j , \. The increase in chart fuel-air ratio /"„ over 
that ideally required for ammonia addition is a function of 
combustion temperature T b , diluent-air ratio d, and heat- 
release ratio rj d (appendix C). An example that illustrates 
the use of figure 10 is given later. 

liquid carbon dioxide as diluent 

The increment in fuel-air ratio A/ resulting from the use of 
liquid carbon dioxide as a diluent may be computed with the 
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aid of figure 1 1 . Carbon dioxide exists as a liquid at pres- 
sures in excess of 5 atmospheres and at temperatures in the 
range from 391° to 548° K. The carbon dioxide is presumed 
to be stored as a saturated or subcooled liquid under pressure 
at a temperature T d and injected into the combustion-air 
stream as a liquid; although the chart is based on saturated 
liquid carbon dioxide, it may be used with accuracy for the 
subcooled liquid except in the vicinity of the critical temper- 
ature (548° R). For convenience, a scale of saturation 
pressure is included in figure 11. Use of nonsaturated 
mixtures of liquid and vapor were considered impractical 
because of the difficulty of controlling rate of discharge and 
economy of storage space. 

For carbon dioxide,/" is always positive, is a function of 
T d and T b , and is proportional to the weight of carbon dioxide 
in pounds per pound of air d (appendix B). The fuel-air- 
ratio increments A/ for liquid carbon dioxide addition is 
K m K h f'. The use of figure 1 1 is illustrated later by an 
example. 

LIQUID nitrogen as diluent 

The increment in fuel-air ratio A/ caused by the use of 
liquid nitrogen as a diluent may be computed by using fig- 
ure 12. For liquid nitrogen,/" is always positive, is a function 
of the combustion temperature T hy is proportional to the 
weight of liquid nitrogen in pounds per pound of air d , and 
is independent of initial temperature T d (appendix B). The 
fuel-air-ratio increment A/ for liquid nitrogen addition is 
KmKh f" . 


Liquid ammonia-air ratio , d 

0 .02 £4 .06 .08 JO 



Figure 10.— Fuel-air-ratio increment A/ due to incomplete combustion of ammonia. A /= K m Khf" n . 



Figure 9. Fucl-air-ratio increment A/ for addition of liquid ammonia to fuel-air mixture. 

Af= KmKhf" . 


1.00 


.80 
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LIQUID OXYGEN AS DILUENT 

The increment in fuel-air ratio A/ caused by the use of 
liquid oxygen as a diluent may be computed by figure 13. 
For liquid oxygen,/" is a function of T b , is proportional to 
the weight of liquid oxygen in pounds per pound of air g?, 
and is independent of initial temperature T d (appendix B). 
For liquid oxygen,/" is always positive in the range of fuel- 


air ratio less than stoichiometric. The fuel-air-ratio incre- 
ment A/ for liquid oxygen addition is K m K h f f . 

EFFECT OF COMPRESSOR WORK OR PREHEATING OF DILUENTS 

In the case of turbine engines, a part of the diluent fre- 
quently is added to the air stream ahead of the compressor to 
reduce the air temperature and to increase the compressor 
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0 .01 . 02 . .03 . 04 - .05 

Increase in chart fuel-oir ratio, f" 

Figure 12.— Fuel -air-ratio increment A/ for addition ofliquid nitrogen to fuel-air mixture. 

Af=K m K\f". 

Combu stion temperature 
T b , °R 



Figure 13.— Fuel-air-ratio increment A/ for addition of liquid oxygen to fuel-air mixture. 

A f-K K 

pressure ratio. The addition of the diluent before compres- 
sion of the working fluid increases the compressor work term 
of equation (1) and thus increases the enthalpy of the working 
fluid. The effect of compressor work on the negative in- 
crement in fuel-air ratio Af ma} 7 be computed by means of 
figure 14, which includes the work done by the compressor 
on both air and diluent. The increase in chart fuel-air ratio 
/" is a function of the compressor work per pound of com- 
pressed mixture W c , the combustion temperature T b , and 
the weight of diluent per pound of air added before com- 
pression d (appendix B). When this correction is applied, 
the air temperature to be used in computing/' by means of 
figure 1 is the temperature at a point immediately ahead 
of the diluent injection. The fuel-air-ratio increment A / 
for compressor work addition is K m K h f". The use of 
figure 14 is illustrated later by an example. 


USE OF MORE THAN ONE DILUENT 

When more than one diluent is used or when work of 
compression is done on the air after diluent addition, all the 
previous fuel-air-ratio increments A f corresponding to each 
of the diluents or to work addition as indicated by figures 5 
to 14 are algebraically added. The total fuel-air ratio / is 
then the algebraic sum of K m K h K w f' and of all the increments 
A f multiplied by the ratio r f . The equation for / is given by 

/= r f (K m K h K w j ' + 2 Af ) ( 21 ) 

CALCULATION OF STOICHIOMETRIC FUEL- AIR RATIO WITH DILUENT 

ADDITION 

The use of a mixture of diluents containing a combustible 
diluent or an oxidant changes the value of the stoichiometric 
fuel-air ratio. The stoichiometric fuel-air ratio of the mix- 
ture as a function of the various pertinent diluent-air ratios 
is presented in figure 15. (See appendix D for details.) 
The upper right part of figure 15 is used for evaluat ion of the 
stoichiometric fuel-air ratio when water-alcohol mixtures are 



Figure 14.— Fucl-air-ratio increment A/ for work addition by compressor to diluent-air 
mixture. A f = K m Khf". 
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used. The entire figure is used in cases where liquid ammonia 
and liquid oxygen are separately used, used together, or 
used in combination with water-alcohol mixtures. The use 
of the figure is illustrated later by examples. 


USE OF COMBUSTION CHARTS WITH DILUENT ADDITION 

The use of the combustion charts with diluent addition is 
illustrated by the following examples. The fuel employed in 
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the examples has a hydrogen-carbon ratio m of 0.100 and a 
lower enthalpy of combustion h c f of -18,300 Btu per pound. 

The total fuel-air ratio required to attain a desired com- 
bustion temperature is given by the following equation: 

/= r f (K m K h K w j' +2 A/) (21 ) 

Example 1 Ideal combustion with dry air; no diluent 
addition. -The amount of fuel necessary to produce a com- 
bustion temperature T b of 2000° R when burned with 
1 pound of dry air at an initial temperature of 600° R is to be 
determined. Because the combustion air is dry, K w is unity; 
because combustion is ideal, r f is unity; and because no dilu- 
ents are added, 2 A/ equals zero. 

For a temperature rise A T of 1400° R and T b of 2000° R, 
a chart fuel-air ratio/' of 0.0203 is obtained from figure 2. 

From the inserts on figure 2 at a T b of 2000° R, the correc- 
tion factors K m and K h are obtained and the total fuel-air 
ratio is calculated from equation (21). For a value of m of 
0.100, K m is 0.9885; for a value of h c , f of —18,300 Btu per 
pound, K h is 1.023. 

f=K tn K h f = (0.9885) (1 .023) (0.0203) 

= 0.0205 pound per pound dry air 

The inverse problem of determining the combustion tem- 
perature when the fuel-air ratio is known necessitates an esti- 
mation of the combustion temperature from figure 1 using 
an approximate chart fuel-air ratio, as 

/' = — /A r /1 8, 700= (0.0205) (18, 300)/18, 700= 0.0201 

From figure 1, for an approximate chart fuel-air ratio/' of 
0.0201 and an initial air temperature of 600° R, AT is 
1380° R ; therefore, T b is approximately 600°+ 1380°= 1980° R. 
The correction factors K m and K h corresponding to T b of 
1980° R closely approximate those given previously, so that 

/ ' =// K m if /, =0.0205/(0. 9885) (1 .023) = 0.0203 

The calculation of AT is repeated using the new chart fuel- 
air ratio of 0.0203. For this value of chart fuel-air ratio, 
AT= 1400° R; therefore, T„=600°+ 1400°=2000° R. 

Example 2 Ideal combustion with moist air; no diluent 
addition. — If the combustion air of the preceding example 
contains water vapor in the amount of 70 grains per pound 
of dry air, additional fuel is required to achieve a T b of 
2000° R. 

From the insert on figure 2, correction factor K w corre- 
sponding to 70 grains of water vapor per pound of dry air 
and a combustion temperature of 2000° R is 1.0095. The 
ideal total fuel-air ratio is then calculated. 

/= K m K h K w f' = (0.9885) (1.023) (1.0095) (0.0203) 

= 0.0207 pound per pound moist air 

Example 3 — Reheating by burning additional fuel. — The 

combustion gas of the foregoing example is cooled to 1800° R 
and reheated to a temperature of 3000° R by burning 
additional fuel; the additional fuel required is to be deter- 
mined. This calculation is made by effectively “unburning” 


the combustion gas so as to find a reference initial air temper- 
ature that would give the combustion-gas temperature of 
1800° R on combustion of the original fuel quantity cor- 
responding to a fuel-air ratio of 0.0207 pound per pound of 
moist air. This reference initial temperature is used to 
calculate the fuel-air ratio required to produce the desired 
reheat temperature. The additional fuel required per 
pound of original air is the difference between the new fuel- 
air ratio and the original fuel-air ratio. 

The correction factors K m , K h) and K w are determined 
from the inserts on figure 1 at a temperature of 1800° R 
for the known values of m of 0.100, h c f of —18,300 Btu 
per pound, and water vapor content of 70 grains per pound 
of dry air. The original chart fuel-air ratio f\ is then 
calculated. 

f\=JJK m K h K„=0.0207/(0.9900) (1.023) (1.0095) =0.0202 

The corresponding AT for T b of 1800° R is obtained from 
figure 2; the value of AT is 1430° R. The corresponding 
reference initial temperature is then 

T a = T 6 — AT=1800°— 1430°= 370° R 

The chart fuel-air ratio required to produce a combustion 
temperature of 3000° R by burning fuel with the reference 
initial temperature of 370° R is then determined. For a 
AT of 2630° R, a new chart fuel-air ratio is obtained from 
either figure 1 or 2 as 

/ / 2 =0.0417 

The correction factors K m , K h} and K w corresponding to 
3000° R are read from figure 1. The new fuel-air ratio / 2 
is then 

/ 2 = K m K h K w f 2 = (0.977 5) (1.025) (1.010) (0.0417) =0.0422 
The additional fuel required is then 
/ 2 —/i = 0.0422 — 0.0207 

= 0.0215 pound fuel per pound of original moist air 

Example 4 — Calculation of heat-release ratio for incom- 
plete combustion. -If a fuel-air ratio of 0.0225 were experi- 
mentally required to produce a combustion temperature of 
2000° R for the conditions of example 2, the ratio of actual 
fuel-air ratio to ideal fuel-air ratio r f is 0.0225/0.0207 or 
1.0870. For the combustion temperature of 2000° R, the 
heat-release ratio r] f from figure 3 is found to be 0.9240. 

Example 5 — Ideal combustion with water-alcohol-mixture 
addition. — The addition of 0.08 pound of water-alcohol mix- 
ture per pound of moist air at a temperature T d of 500° R 
to the combustion process of example 2 is now considered; 
both hydrocarbon fuel and diluent are assumed to be com- 
pletely burned. The diluent mixture is composed of the 
following fractions by weight: 

Water, IF 0 =0.50 
Methyl alcohol, R r i = 0.25 
Ethyl alcohol, W 2 = 0.25 

The total fuel-air ratio necessary to obtain a combustion 
temperature of 2000° R is to be determined. 
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The value of the mixture parameter 1/M m from figure 4 is 
0.0410. On figure 5, drop vertically from T b of 2000° R and 
1/M m of 0.0410 to the base line (line of T b of 1000° R). From 
this point, draw a line through the point corresponding to a 
value of d of 0.08 to the /" scale, from which /" has a value of 
— 0.0176. From the right insert on figure 5 for 0.25 fraction 
by weight of ethyl alcohol and T b of 2000° R, move to the 
right to a value of d of 0.08; correction 5 2 /" is equal to 0.0008. 
Because no isopropyl alcohol is added, hf' is zero. 

Correction for the water-alcohol mixture introduced at a 
temperature other than 540° R is made from equation (20) 
and the left insert on figure 5. 

/idl 7 * — (0.40Wo+0.60)( Jd— 540) (20) 

|M0 

= (0.20 + 0.60) (500-540) = -32 Btu per pound 

From the left insert on figure 5, for h d of —32 Btu per pound, 
T b of 2000° R, and d of 0.08, 8 h f" is 0.0002. The required 
increment in fuel-air ratio is 

Af=K m K h (f + 8 2 f+8 h f) 

= (0.9885) (1.023) (-0.0176 + 0.0008 + 0.0002) 

= —0.0168 pound per pound moist air 
The total fuel-air ratio is from equation (21) 

/= K m K h K w f + Af 

= 0.0207-0.0168 

= 0.0039 pound per pound moist air 

Example 6 — Effect of incomplete heat release for water- 
alcohol-mixture addition. — Consider example 5 with a heat- 
release ratio for the hydrocarbon fuel ri f of 0.900 and a heat- 
release ratio for the diluent rj d of 0.500. The total fuel-air 
ratio for the combustion process is to be determined. 

The fuel-air ratio ideally required for combustion with no 
diluent addition is 0.0207 from example 2. The required 
increment in fuel-air ratio Af for the ideal combustion of the 
water-alcohol mixture added is —0.0168 from example 5. 
Additional increments in fuel-air ratio that must be deter- 
mined are due to the incompletely burned fuel and the in- 
completely burned water-alcohol mixture. 

For a value of (1 ~Vf) of 0.10 and a T b of 2000° R, the value 
of r f is 1.1175, as found in figure 3. 

For the same water-alcohol mixture used in the previous 
example, in figure 7, for a value of \/M m of 0.041, move down 
parallel to the slant lines to a fraction by weight of ethyl 
alcohol W 2 of 0.25. Inasmuch as no isopropyl alcohol is 
present in this mixture, move directly down to the base line 
corresponding to a T b value of 3000° R. (If isopropyl 
alcohol is present in the mixture, the slant lines for isopropyl 
alcohol are used in the same manner as those for ethyl 
alcohol.) From here, locate the pertinent combustion 
temperature, in this example a T b of 2000° R, by following 
the curved guide lines and drop to the base line corresponding 
to a T b of 1000° R. From this point, draw a line through the 


pertinent value of d(l — rj d ) ; in this example with a d value of 
0.08 pound per pound of moist air and a diluent heat-release 
ratio rj d of 0.50, d(\ — r) f ) has a value of 0.040. The required 
increase in chart fuel-air ratio f\ is then 0.0118. The 
required increment in fuel-air ratio due to incomplete com- 
bustion of the water-alcohol mixture is 

Af=K m K h f\ 

= (0.09885) (1.023) (0.01 18) 

= 0.0119 pound per pound moist air 

The total fuel-air ratio is from equation (21): 

J=r f (K m K h K w f' + 2 Af) (21) 

= 1.11 75[ (0.9885) (1 .023) (1.0095) (0.0203) — 0.0168+0.01 19] 
= 0.0179 pound per pound moist air 

Example 7 — Effect of incomplete heat release for liquid 
ammonia and liquid carbon dioxide added at compressor 
inlet. — A mixture of 1 pound of liquid carbon dioxide stored 
at a temperature of 460° R and 0.05 pound of liquid am- 
monia is added to 1 pound of moist air at the compressor 
inlet of a turbojet engine. The inlet air is at 560° R and 
contains 140 grains of water vapor per pound of dry air. 
The compressor increases the enthalpy of the diluent-air 
mixture at the rate of 100 Btu per pound of fluid. The 
fuel-air ratio necessary to produce a combustion temperature 
of 2360° R when the heat-release ratio for the fuel rj f is 0.950 
and the heat-release ratio for the ammonia rj d is 0.50 is to 
be determined. 

The necessary corrections to the ideal chart fuel-air ratio/' 
are K m , K h , K w , and r f . Four values of fuel-air-ratio incre- 
ments Af are required for the liquid ammonia addition with 
complete combustion, the incomplete combustion of am- 
monia, the liquid carbon dioxide addition, and the com- 
pressor work input. 

From figure 1 for a temperature rise AT of 1800° R and 
an initial temperature of 560° R, a chart fuel-air ratio /' of 
0.0270 is obtained. The factors K m of 0.9885 and K h of 
1.023 are the same as before because the same fuel is used 
in all the examples. 

From the insert on figure 1 , the correction factor K w , cor- 
responding to 140 grains of water vapor per pound of dry 
air and T b of 2360° R, is 1.0195. 

For a value of (1 — rj/) of 0.050 and T b of 2360° R, r f has 
a value of 1.0565 in figure 3. 

For an ammonia addition d of 0.05 pound per pound of air 
and T b of 2360° R, f" is equal to —0.0177 pound per pound 
of air in figure 9. The required increment in fuel-air ratio 
for complete combustion of ammonia is 

Af = K m K h f" = (0 . 9885) (1. 023 )(— 0.0177) 

= — 0.0179 pound per pound moist air 

For a value of (1 — rj d ) of 0.50, T b of 2360° R, and d of 0.05, 
/"„ has a value of 0.0115 as found in figure 10. The required 
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increment in fuel-air ratio due to incomplete combustion of 
ammonia is 

Af=K m K h f\= (0.9885) (1.023) (0.0115) 

= 0.0116 pound per pound moist air 

For a saturated liquid carbon dioxide temperature of 460° R, 
T b of 2360° R, and d of 1.00 pound per pound of air, /" is 
equal to 0.0370 as found in figure 1 1 . The required increment 
in fuel-air ratio is 

A f=K m KJ" = (0.9885) (1 .023) (0.0370) 

= 0.0374 pound per pound moist air 

For a compressor work input WJJ of 100 Btu per pound 
of fluid, T h of 2360° R, and a mass of diluent added at the 
compressor inlet d' of 1.05 pounds per pound of air, the value 
of/" is equal to —0.0118 pound per pound of air as found in 
figure 14. The required increment in fuel-air ratio is 

Af= K m K h f = (0. 9885) ( 1 . 023) (-0.0118) 

= — 0.0119 pound per pound moist air 

The total fuel-air ratio required is then 

/=r ; (W/'+W) (21) 

= 1 .0565[(0.9885) (1 .023) (1.01 95) (0.0270) -0.01 79 + 

0.0116 + 0.0374-0.0119] 
= 0.0498 pound per pound of moist air 

The effects of the addition of liquid ammonia and liquid 
carbon dioxide on the required fuel-air ratio are independent 


but are combined in this example to illustrate conveniently 
the use of the charts. The addition of liquid oxygen and 
liquid nitrogen as diluents is handled in the same manner as 
liquid ammonia in the present example. 

Determination of stoichiometric fuel-air ratio with diluent 
addition. — The stoichiometric fuel-air ratio fora mixture of 
air, hydrocarbon fuel, and diluents may be determined by 
means of figure 15. 

For example, the determination of the stoichiometric fuel- 
air ratio for 0.08 pound of water-alcohol mixture having a 
mixture parameter l/M m of 0.0410 added to each pound of 
air for combustion with a fuel of hydrogen-carbon ratio m of 
0. 1 00 is shown in the upper right part of figure 1 5 ; the stoichi- 
ometric fuel-air ratio is 0.0510. 

If the diluents ammonia and liquid oxygen are individually 
added or added in combination with a water-alcohol mixture, 
the stoichiometric fuel-air ratio is found by the entire figure. 
For example, the determination of the stoichiometric fuel-air 
ratio for a water-alcohol-to-air ratio d of 0.08, a mixture 
parameter 1 /M m of 0.0410, and ammonia-air ratio d of 0.05, 
a liquid oxygen-air ratio d of 0.10, and a hydrogen-carbon 
ratio m of 0.100 is shown; the stoichiometric fuel-air ratio 
is 0.060. 
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APPENDIX A 

SYMBOLS 


The following symbols are used in this report: 


A 

B 


2.016 


2 


HqOo — Ho 2 
12 . 010 “ 


D v increase per pound of diluent in number of moles of 

y in ultimate burned gas mixture due to addition 
and combustion of diluent, lb mole/lb diluent 
d total diluent-air ratio, lb/lb air 

d' weight of diluent injected into air stream prior to 

compression of mixture, lb/lb air 
/ total fuel-air ratio, lb/lb air 

A / fuel-air ratio increment due to diluent addition to 

fuel-air mixture, lb/lb air 

/' chart fuel-air ratio, function of T a and T b only, 

lb/lb air 

/" increase in chart fuel-air ratio due to diluent 

addition, function of specific diluent mixture, 
lb/lb air 

increase in chart fuel-air ratio due to incomplete 
combustion of diluent, lb/lb air 
<5 2 /" correction of /" with use of ethyl alcohol, lb/lb air 

<5 3 /" correction to /" with use of isopropyl alcohol, 

lb/lb air 

b h f' correction to /" due to injection of water-alcohol 

mixture at temperature other than 540° R, 
lb/lb air 

Hy molal enthalpy of y , Btu/lb mole 

h a enthalpy of dry air, Btu/lb air 

h b enthalpy of final burned mixture, Btu/lb mixture 

h cd lower enthalpy of combustion of liquid diluent at 

540° R, Btu/lb diluent 

h c f lower enthalpy of combustion of liquid fuel at 

540° R, Btu/lb fuel 


h d enthalpy of liquid diluent, Btu/lb diluent 

J mechanical equivalent of heat, 778 ft-lb/Btu 

K h correction factor to / or /" for change in lower 

enthalpy of combustion of fuel from value of 
18,700 Btu/lb fuel 

K m correction factor to /' or /" for change in 

hydrogen-carbon ratio of fuel from value of 0.175 
K w correction factor to /' due to water vapor in com- 

bustion air 

M m molecular weight of water-alcohol mixture, 

lb/ (lb) (mole) 

m hydrogen-carbon ratio of fuel 

r f ratio of actual fuel-air ratio to ideal fuel-air ratio 

T a initial total air temperature, °R 

T b total combustion temperature, °R 

T d temperature of diluent as liquid immediately 

before injection, °R 

T r reference temperature, 540° R 

A T temperature rise in combustion process, °R 

W fraction by weight of components of water-alcohol 

mixtures 

W c work of compression of mixture entering com- 

pressor, ft-lb/lb mixture 
x water-alcohol-mixture characteristic 

y variety of gas, specifically C0 2 , H 2 0, 0 2 , and N 2 

<t> factor accounting for effects of diluent addition 

and compressor work on ideal fuel-air ratio 
rj f heat-release ratio for hydrocarbon fuel 

T] d heat-release ratio for combustible diluent 

Subscripts 0, 1, 2, and 3 refer to water, methyl alcohol, 
ethyl alcohol, and isopropyl alcohol, respectively. 

The atomic weights used are: 


Carbon 

12.010 

Hydrogen 

1.008 

Oxygen 

16.000 

Nitrogen 

14.008 
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APPENDIX B 


EXPRESSIONS FOR INCREASE IN CHART FUEL-AIR RATIO DUE TO DILUENT ADDITION 


WATER-ALCOHOL MIXTURES AS DILUENT 

The molal lower enthalpies of combustion for the liquid 
phase — Q of water and of the three alcohols considered are 
given in the following table; the values cited are for a pres- 
sure of 1 atmosphere and have been evaluated at the reference 
temperature of 540° R: 


Diluent 

Equivalent 

formula 

Molecular 

weight 

-Q 

(Btu/(lb) 

(mole)) 

Refer- 

ence 

Water 

h 2 o 

18. 016 

—18,870 

11 

Methyl alcohol 

(CH 2 )H 2 0 

32. 042 

274, 700 

11 

Ethyl alcohol 

(CH 2 ) 2 H 2 0 

46. 068 

531,300 

11 

Isopropyl alcohol 

(CH 2 ) 3 H 2 0 

60. 094 

786, 300 

12 


The general mixture may be represented by the average 
formula (CH^RO. A quantity —Q' is arbitrarily chosen 


as a linear function of the diluent-mixture characteristic x 
such that it is exactly equal to — Q for mixtures of water and 
methyl alcohol 

(>'=293, 570.Z- 18,870 (22) 

Because — Q does not vary linearly with x, small correc- 
tions are required when ethyl or isopropyl alcohols are used. 

The gravimetric lower enthalpy of combustion of the 
mixture may be written as a function of 1 /M m from equa- 
tions (18) and ( 22 ) 

, 293, 5702—18,870 

Kd ~ M m 

= 20,930 - 39 ^ 950 Btu/lb (23) 


The net increase in enthalpy of the combustion gases due to diluent addition and compressor work is from equation (5) : 


— 0 +d') ~j — — h Ctd — (^Doo 2 Hco 2 ~^~^B 2 oHu 2 o-\-Do 2 Ho 2 ~\~D i j 2 Hu^ 


(5) 


The term accounting for compressor work {l-\-d')WJJ is considered later in this appendix. The term — h Ctd ^ 


reduces to — h cd when the water-alcohol mixture is introduced to the system as a liquid at a temperature T d equal to the 
base temperature T r of 540° R; for those cases in which the diluent is introduced as a liquid at a temperature other than 
540° R, a correction is to be applied. 

The remaining term of equation (5) is evaluated by consideration of the combustion reaction 


(CH 2 ) *H 2 0+§ :r0 2 ^xC0 2 + (1 +z)II 2 0 


The increase per pound of diluent in the enthalpy of the various species in the ultimate gas mixture due to the addition 
of diluent is then 

(D C o 2 Hco 2 +D H2 oH B p+Do 2 Ho 2 +D N2 H N2 )^ r ^=j^xH 0 o 2 + (1 +z)//h 2 o— | xHo 2 j 

_\( 1 _1.28447\ / 1 0. 28447 \ „ _ 

(\14.026 M m ) IJco 2 ^14.026 M m ) ln P 

3/ 1 L28447\ , )"|n 

2\14.026 M m T r 


The quantity is zero because the nitrogen content of the ultimate gas mixture is not increased as a result of the 

water-alcohol-mixture addition. 

The relation for 4> (equation (5)) may therefore be expressed only as a function of d , M m , and T b for diluents of mixtures 
of water and alcohol. 

From equations ( 5 ), ( 12 ), (23), and (24) 


395,950, ( 




-2°.s® 0 +T+ 


!( 


1 


1.28447'' 


(V 14. 026 M m 


\z j 4 .(_! 0-28447 X _3/ 

) /ico 2 + Vl4.026 M m / iH 2° 2 \ 


1 

14.026' 


1.2844 

M m 


18,700- 


0.175A+B 
1.175 




>.o:' 


y (25) 


The small corrections required when ethyl and isopropyl 
alcohols are used are accounted for by additive terms 5 2 f' 
and $ 3 /", respectively. For pure ethyl alcohol, equation ( 22 ) 
yields a value of —Q' of 568,270 Btu per pound mole. The 
discrepancy between this value and the actual value of — Q 
is 36,970 Btu per pound mole. For pure isopropyl alco- 
hol, the discrepancy between the value of —Q' from equa- 


tion ( 22 ) and the actual value is 75,540 Btu per pound mole. 
The corrections are therefore given by 


S 2 /" = 


■'aSs 36 - 970 


18,700- 


0.175A+R1 
1.175 


_Fr 


(26) 
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hf = 


d 60.094 7 0,540 


18,700- 


0.175A+F] 
1.175 


n 
I TV 


(27) 


The numerators proportion the error introduced by the 
use of the linear expression for — Q (equation (22)) in 
accordance with the fraction by weight of either ethyl or 
isopropyl alcohols in the mixture of diluents. 


saturation temperature or its concomitant saturation pres- 
sure. 

The expression for/" is then 


r 



18,700 



0.175A+/rp. 
1.175 J T r 


(31) 


LIQUID AMMONIA AS DILUENT 

The enthalpy of combustion of liquid ammonia is evalua ted 
to be 7500 Btu per pound at a pressure of 1 atmosphere and 
a temperature of 540° R (reference 11). The combustion 
reaction and the assumption that all the ammonia burns to 
nitrogen and water yields 


and is a function of T b , d, and T d or saturation pressure. 
Equation (31) accurately applies for use of the liquid carbon 
dioxide in the subcooled state except in the vicinity of the 
critical temperature (548° R). 

LIQUID NITROGEN AND LIQUID OXYGEN AS DILUENTS 


4NH 3 +30 2 ->2N 2 +6H 2 0 

The increase per pound of diluent in the enthalpy ol the 
various species in the ultimate gas mixture due to the addi- 
tion of diluent is then 


(Dh 2 0 Hh 2 0+Do 2 Ho 2 +D N2 tf N2 )] r 

-irkd' »«*>-!• 


(28) 


The expression for <i> from equation (5) becomes 

*=d\ -7600+j^j (| H v -\ &,+! »«,)]';} (29) 


Therefore /" may be written from equation (11) as a func- 
tion of d and T b 


f = - 


7500+ 17jD32 

18,700- 


(1 


7^h 2 o- 


•| u °,+\ » 


».)]::! 


0.175 A + in r '‘ 
1.175 J t, 


(30) 


Ammonia may be stored either as a liquid under elevated 
pressures or as a chilled liquid at atmospheric pressure. In 
either case, the variation of the enthalpy of combustion of 
liquid ammonia with storage temperature is small. Hence, 
addition of liquid ammonia as diluent at a temperature other 
than 540° R introduces a negligible error in the expression 
for j". 

LIQUID CARBON DIOXIDE AS DILUENT 


The enthalpy of liquid carbon dioxide relative to the vapor 
at 540° R and 1 atmosphere pressure for various conditions 

is taken from a temperature-entropy diagram for carbon 

] T d 

T 

is then a function of the diluent temperature immediately 
before injection. Because the most feasible arrangement 
is to store and to inject carbon dioxide as a liquid in the 

completely saturated state, h d ^ becomes a function of the 


Enthalpies for liquid nitrogen and liquid oxygen are eval- 
uated relative to the vapor at 540° R and 1 atmosphere 
pressure as the sum of the enthalpy of vaporization and the 
enthalpy difference of the diluent vapor at the liquid temper- 
ature and 540° R. Enthalpies of vaporization for both 
liquids are taken from reference 11. The liquids are gener- 
ally stored in containers vented to the atmosphere. Hence 
variations in enthalpy in the liquid phase may be neglected 
because of the small temperature range in which the diluents 
exist as liquids at atmospheric pressure. 

The enthalpy relative to the vapor at the reference condi- 
tion is 186 Btu per pound for liquid nitrogen and 

175 Btu per pound for liquid oxygen. 

The expression for/" for nitrogen is then 


for oxygen 



Therefore/" is a function of d and T b . 


(32) 


(33) 


EFFECT OF COMPRESSOR WORK OR PREHEATING OF DILUENTS 


The decrease in fuel-air ratio j" associated with the work 
done in any compressor through which 1 pound of air plus 
d' pounds of diluent pass before combustion is given by the 
following expression : 


r- 


-a +d r )wjj 


18,700- 


0.17 dA d“ B“~\ r & 


1.175 


Hn 
J Tr 


( 34 ) 


Therefore/" is a function of d', ir c , and T„. 


APPENDIX C 


COMBUSTION WITH INCOMPLETE HEAT RELEASE 


Justification of the assumption that the enthalpy of the 
actual burned products is negligibly different from that of 
the completely burned products for any given fuel-diluent- 
air mixture and given combustion temperature requires a 
measure of this difference in enthalpy. 

Inasmuch as the lieat-release ratio rj f is defined as the ratio 
of the actual enthalpy rise to the enthalpy of combustion of 
the liquid fuel, the true heat-release ratio 77/ would be given 

by 

v/=v,+ (l~vr) 

where Ah is the enthalpy difference between products and 
reactants. 

The difference between the true heat-release ratio and the 
defined heat-release ratio is then given by 

v/-v,= a-vr) jpxj 

If, for example, normal octane vapor is considered to be 
present in the burned mixture, there will be oxygen present, 
which would not exist if the combustion were complete, 
according to the relation 

of; 

C 8 H 18 +y0 2 -.8C0 2 +9H 2 0 

At 2700° R, the enthalpy of the left side is 483,130 Btu 
per mole of octane; the enthalpy of the right side is 469,650 
Btu per mole of octane. The enthalpy of the left side is 
therefore 13,480 Btu per mole greater than the right side. 
The molecular weight of octane is 114.224; the enthalpy of 
the products is thus decreased 118 Btu per pound of un- 
burned octane as contrasted with a defect in heat release of 
19,1 10 Btu per pound of unburned octane. 

For this example, the assumption that the enthalpy of the 
actual products (unburned normal octane vapor) is equal to 
the enthalpy of the completely burned products is in error 
by 118 Btu per pound of unburned octane at a temperature 
of 2700° R. The difference in lieat-release ratios is then 

, n V 118 

vr~vr=( 1 - 1 /) 19^00 

For an 77/ of 0.90, this difference in enthalpy corresponds 
to an error in the calculated value of heat-release ratio of 
only 0.06 percent. 

The enthalpy of the products minus the enthalpy of the 
reactants Ah expressed as a percentage of the lower heat of 
combustion of the reactant is presented in figure 16 as a 
function of combustion temperature for a number of likely 
reactants; curves are given for methane, normal octane, 


ethyl alcohol, formaldehyde, ethylene, ammonia, carbon 
monoxide, and hydrogen. Data for the hydrocarbons were 
taken from reference 14; data for ethyl alcohol, formalde- 
hyde, and ammonia were taken from references 15, 16, and 
17, respectively. 



Figure 16.— Enthalpy difference between products and reactants as percentage of lower 
heat of combustion. 


Except for hydrogen, the enthalpy difference generally is 
less than 1 percent of the lower heat of combustion, which 
corresponds to an error in the calculated value of heat-release 
ratio of less than 0.1 percent at an 77/ of 0.90. Appreciable 
concentrations of hydrogen will probably not be present so 
that the enthalpy differences of 4 to 5 percent of the lower 
heat of combustion of hydrogen at the higher temperature 
will not affect the general validity of the assumption. 

It has been shown that for each of the likely products of 
incomplete combustion, the difference between the enthalpy 
of the incompletely burned gas and the enthalpy of a gas at 
the same temperature that has a composition corresponding 
to complete combustion is small compared with the defect 
in heat release. 

Water-alcohol mixtures. — The molal lower heats of com- 
bustion for the vapor phase — q for water and for the three 
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alcohols considered are given in the following list for a pres- 
sure of 1 atmosphere and a temperature of 540° R: 


Diluent (Btu/(lb) 

(mole)) 

Water 0 

Methyl alcohol 290, 950 

Ethyl alcohol 549,710 

Isopropyl alcohol 806, 330 


As in appendix B, — q is expressed as a linear function of 
the mixture parameter 1 /M m ; thus it is exact for mixtures of 
water and methyl alcohol. Inasmuch as — q does not vary 
linearly with 1/M m , small corrections are required when ethyl 
or isopropyl alcohols are used. 

The gravimetric lower enthalpy of combustion of the vapor 
mixture —h c d ' may then be written as 


- hj = 20,744- 


373,717 

M m 


-699 fT 2 — 1107 W* 


(35) 


From equation (16), the increase in fuel-air ratio for the 
standard hydrocarbon fuel /'% due to a defect in heat release 
is 


d( 1- 




- Vd ) (20, 744 - - 699 W 2 - 1 1 07 W r 3 ) 


18,700- 


0.1 75.4 +.B 
1.175 




(36) 


Ammonia. — The lower heat of combustion of gaseous am- 
monia — he'd is evaluated to be 8000 Btu per pound at a 
pressure of 1 atmosphere and a temperature of 540° R. 

From equation (16), the increase in fuel-air ratio for 
the standard hydrocarbon fuel due to a defect in heat 
release is 




8000 cZ(l — Jj<t) 


18,700- 


0.175^+in 
1.175 


A T r 


( 37 ) 


APPENDIX D 


STOICHIOMETRIC FUEL-AIR RATIO WITH DILUENT ADDITION 


The stoichiometric fuel-air ratio of a mixture containing 
combustible diluents is found by determining the net amount 
of oxygen available to the hydrocarbon fuel after complete 
oxidation of the combustible diluents. 

The gross amount of oxygen available in the air is 
0.23186 pound per pound of air. 

The oxygen consumed by combustion of the alcohol in the 
water-alcohol mixture is 


48 d u /u . 
-irr- lb/lb air 
lVlm 


Oxygen required for combustion of ammonia is 

24 d „ n 
17.032 an 

The addition of oxygen itself supplies 
d lb/lb air 


The oxygen required for combustion of the hydrocarbon 
fuel is 


/ 

1+ra 


/ 1 6m 
\2.016 


32 

12.01 



The net amount of oxygen available to the hydrocarbon 
fuel after diluent combustion determines the magnitude of the 
stoichiometric fuel-air ratio, inasmuch as the mass of oxygen 
required for stoichiometric combustion is equal to the mass of 
oxygen available. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 


Axis 

Designation 

Sym- 

bol 

Longitudinal 

X 

Lateral 

Y 

Normal 

z 




Force 
(parallel 
to axis) 
symbol 


X 

Y 

Z 


Moment about axis 

Angle 

Velocities 

Designation 

Sym- 

bol 

Positive 

direction 

Designa- 

tion 

Sym- 

bol 

Linear 
(compo- 
nent along 
axis) 

Angular 

Rolling 

L 

Y >Z 

Roll 


u 


Pitching 

M 

Z >X 

Pitch.. 

e 

V 

y 

q 

Yawing 

N 

X >Y 

Yaw 

* 

V) 

r 


Absolute coefficients of moment 

r -JL o - M 

^ l ~%bS m ~^S 
(rolling) (pitching) 


c-JL 

Cn ~qbS 

(yawing) 


Angle of set of control surface (relative to neutral 
position), S. (Indicate surface by proper subscript.) 


■ 


4. PROPELLER SYMBOLS 


D 

V 

P/D 

V' 

V, 

T 

Q 


Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient C T 


Power, absolute coefficient C P = 


pn 3 D> 


pn 2 D* 


Torque, absolute coefficient Oa= — Qfx. 

p7l 2 D° 


c . 

Speed-power coefficient = ^ 

IpV 5 

Pn 2 

V 

Efficiency 


n 

Revolutions per second, rps 

( V ) 
\2ir rn/ 

$ 

Effective helix angle=tan _1 


5. NUMERICAL RELATIONS 


1 hp=76.04 kg-m/s=550 ft-lb/sec 
1 metric horsepower=0.9863 hp 
1 mph= 0.4470 mps 
i mps=2.2369 mph 


1 lb=0.4536 kg 
1 kg=2.2046 lb 
1 mi= 1,609.35 m =5,280 ft 
1 m=3.2S08 ft 


;V 


/ 


V V 


